The goal of this work is to conduct a photometric study of eclipsing binaries in M31. We apply a modified box-fitting algorithm to search for eclipsing binary candidates and determine their period. We classify these candidates into detached, semi-detached, and contact systems using the Fourier decomposition method. We cross-match the position of our detached candidates with the photometry from Local Group Survey (Massey et al. 2006 ) and select 13 candidates brighter than 20.5 magnitude in V. The relative physical parameters of these detached candidates are further characterized with Detached Eclipsing Binary Light curve fitter (DEBiL) by Devor (2005) . We will followup the detached eclipsing binaries spectroscopically and determine the distance to M31.
Introduction
Eclipsing binaries are important in two aspects. First of all, they can provide information on the physical parameters of the system. For example, their light-curves can be used to derive the inclination angle of their orbital plane, and the stellar radius in terms of the orbital distance. The spectroscopic observation can be used to infer the mass of individual stars, the orbital distance, and stellar temperature. These information are essential for the theoretical study of stellar evolution.
Secondly, eclipsing binaries can serve as distance indicators. This is possible because once we know the stellar radius and temperature from joint photometric and spectroscopic observations, we can derive the distance (d) by:
where R 1,2 are the radii of the primary and secondary, F 1,λ and F 2,λ are the surface fluxes of the primary and secondary components, and A(λ) is the total extinction:
where E(B − V ) is the reddening, k(λ − V ) is the normalized extinction curve defined as E(λ − V )/E(B − V ), and R v is the ratio of total to selective extinction in V band. By matching the model atmospheres to the broad band photometry, we are able to determine the value of E(B − V ) and R v and estimate the extinction, which is usually hard to measure and assumed R v =3.1.
It is worth to note that according to the extent of Roche-lobe filling and the deformation of the stellar surface, eclipsing binaries can be classified into subclass of detached, semi-detached and over-contact. It has been suggested that the detached eclipsing binaries are more suitable for distance determination (see e.g. Paczyński 1997) , although some authors argue that the Roche-lobe filling semi-detached eclipsing binaries can put more constraints on the light-curve modeling thus have advantages to be standard candle as well (Wyithe & Wilson 2002) .
Previous studies of extra-galactic distance determination used the Large Magellanic Cloud (LMC) as a distance anchor. While LMC bears irregularity in its three dimensional shape and low metalicity, many authors suggest to use M31 as a stepping stone to the cosmic distance determination (see e.g., Clementini et al. 2001; Vilardell et al. 2010 , and reference therein). The merits of M31 include its simple geometry, the stars that are potential distance indicators in M31 are bright enough to be resolved, a local counter-part of the spiral galaxies that are used to determine the extra-galactic distance (see e.g., Freedman et al. 2001) , and a local benchmark to calibrate the Tully-Fisher relation.
In order to detect the eclipsing binaries in M31, one requires to monitor a large fraction of M31 with high cadence. Previous studies, e.g. the DIRECT project Stanek et al. 1998 Stanek et al. , 1999 Kaluzny et al. 1999; Mochejska et al. 1999; Bonanos et al. 2003 ) observed M31 with a 11' × 11' field of view (FOV) in 1996 and 1997, and later expanded to a 22 ' × 22' FOV in 1998 and , in a mosaic way to cover an area of 0.5 degree 2 (Macri 2004) . On the other hand, Vilardell et al. (2006) use the 33.8' × 33.8' Wide Field Camera on-board the Issac Newton Telescope in Spain to observe the north-eastern part of M31 from 1999 to 2003 (in total 21 nights). The limitations of these studies is that their observations only cover part of M31 disk. With the ≈ 7 degree 2 FOV of Pan-STARRS 1 (PS1), we are able to cover the entire disk of M31 in one shot (see e.g. Fig. 1 of Lee et al. 2013 ) with a time resolution of up to 0.5 day. The PS1 started to observe M31 since 2010. Here we present the results from the three year PS1 monitoring. This paper is organized as follows. In section 2 we present our data analysis. In section 3 we describe our procedure to search for periodic variable sources, and invented a modified boxfitting method to identify eclipsing binary candidates. Classifications of our binary candidates are presented in section 4. We cross-match detached binaries in our sample with the Local Group Survey to find binaries that are ideal to follow-up; we further use the Detached Eclipsing Binary Light curve fitter to characterize these bright candidates, and extract their parameters in section 5, followed by a summary in section 6.
Data Analysis
The Pan-STARRS 1 (hereafter PS1) survey 1 uses a 1.8 meter telescope equipped with a gigapixel camera (GPC) located at Haleakala in Hawaii. The camera consists of 60 detectors, each detector is segmented in an 8 × 8 array of 590 × 598 pixel cells. Each pixel has a size of 10 µm, corresponding to 0.258"/pixel. The FOV of each detector is 20'.95 × 20'.74 and the FOV of the 60 detectors is approximately 7 degree 2 .
The PS1 survey includes dedicated observations of M31, the so-called PAndromeda project. PAndromeda makes use of ∼ 2% of the PS1 observation time, starting from July until December each year, to monitor M31. In this work we present the result of the three-year PAndromeda data, taken between 2010 and 2012. The original design of PAndromeda is to search for short timescale microlensing events, thus we monitor M31 in two time block per night, separated by three to five hours, to have a time resolution of less then one day. Such high-cadence observation strategy is also useful for short period variables. The two observation blocks yield 12 observations in r P 1 and 6 observations in i P 1 , with an exposure time of 60 seconds. The observations in each block are combined to increase the S/N. In the end we have 330 epochs in r P 1 and 250 epochs in i P 1 .
After the images are taken with the PS1 telescope, they are processed by the Image Processing Pipeline (IPP, Magnier 2006) . The pipeline runs several successive steps, including bias and dark correction, masking, artifact removing, flat-fielding, astrometric calibration (Magnier et al. 2008) , and resampling to a common pixel scale to a sky-based image plane, so-called skycells.
Afterwards, we perform Difference Imaging Analysis (DIA, Alard & Lupton 1998) using our customized software MDia ) and generate light-curves of all point sources. Details of our analysis can be found in Lee et al. (2012) and Kodric et al. (2013) .
Search for Variability
In order to identify all periodic signals that can be attributed to eclipsing binaries systems we apply a detection algorithm to all 738,755 r P 1 -band light curves that have been extracted from the PAndromeda data. Our detection procedure is based on the boxfitting algorithm (Kovács et al. 2002) which has been developed to detect box-shaped brightness decreases such as planetary transits. We run the boxfitting algorithm using 100001 test periods between 0.25 days and 19.1 days which are equally distributed in 1/p. The duration of the eclipses is limited to 0.25 phase units.
The algorithm is known to be also useful to detect detached and semi-detached eclipsing binary systems (e.g. Nefs et al. 2012 ), however, due to the larger ratio between the radii of the primary and secondary star the light curves of eclipsing binaries are generally more V-shaped than in the case of planetary transits. In order to account for that we refit the folded light curve for each detected period with a symmetric trapezium that has the same full width half maximum as the best fitting box. The approach has been used by Zendejas Dominguez et al. (2013) already. We define the V-shape parameter as the fraction of the time spend in ingress and egress with respect to the total duration of the eclipse:
with T 1 and T 2 being the phase values at the beginning and end of the ingress and T 3 and T 4 being the phase values at the beginning and end of the egress. Note that the values of T 1 , T 2 , T 3 , and T 4 are parameters that are fitted when applying the detection algorithm and they do not relate in a direct way to the realy start/end of the ingress/egress of the light curve since the fitted trapezium model is only an approximation of the real brightness variation. With this definition, V = 0 corresponds to a pure box-shaped eclipse and V = 1 corresponding to an eclipse without flat central part (i.e. T 2 = T 3 ). In addition we define the signal-to-noise ratio (S/N) of the detection as the eclipse depth δ divided by the standard deviation σ ecl of the combination of all points during the eclipse (i.e. all points between ( T 1 + T 2 ) / 2. and ( T 3 + T 4 ) / 2. ):
We calculate the S/N for both the primary and the secondary eclipse. After removing the eclipses we re-run the boxfitting algorithm a second time on each light curve and calculate the S/N of the best fitting period S/N removed . This value is a good measure for the variation of the out-of-eclipse part of the candidate and can be used to distinguish eclipsing binaries from other variable sources (see below).
Eclipsing binary light curves usually show a secondary eclipse which is offset by 0.5 in phase units for circular orbits. We therefore fit a secondary eclipse for each period that has been detected by the boxfitting algorithm. The secondary eclipse is first fitted as a box which is offset by exactly 0.5 phase units from the center of the primary eclipse and subsequently refined to a trapezium shape in the same way the primary eclipse has been refined. Fig. 1 shows an example folded lightcurve of one of our detected eclipsing binaries together with the best fitting trapezium-shaped primary and secondary eclipse models.
Since the boxfitting algorithm searches only for one eclipse in the folded light curve the best fitting period for eclipsing binary light curves usually corresponds to half the true period with the primary and secondary transit folded together. The true binary period is found as the second or third best fitting period. We therefore select the six best fitting periods for each input light curve and select the period with the lowest χ 2 of the refined fit that is including a secondary eclipse (see above). We apply a number of criteria to select the best eclipsing binary candidates. First we reject all detections with periods close to alias periods that are enhanced by the window functions of the observations. The alias periods are identified as peaks in the histogram of detected periods. In addition we require a candidate to have at least 10 points in the primary eclipse and 5 points in the secondary eclipse. We split the remaining detections in two samples:
• The high S/N sample contains all light curves with an RM S of the out-of-eclipse part of the light curve of lower than 0.20 and an effective signal-to-noise ratio S/N ef f larger than 12. S/N ef f is calculated as the sum of the S/N of primary and secondary eclipse reduced by S/N removed (see above).
• The low χ 2 sample contains all light curves with a reduced χ 2 of the refined binary fit lower than 2 and a sum of the S/N of primary and secondary eclipse larger than 12.
We visually inspected 5344 candidates in the high S/N sample and 824 candidates in the low χ 2 sample and identified 298 eclipsing binary systems. The remaining candidates were false detections due to systematic outliers and pulsating variable stars such as δ-Cepheids. Note that we only select light curves for which the primary and secondary eclipses show a symmetric shape in order to have a clean sample.
The number of 298 eclipsing binaries is a rather small value compared with Vilardell et al. (2006) . The reason for the relatively low number of detected eclipsing binaries is due to the relatively short exposure times of the current work compared to Vilardell et al. (2006) . Note also that we only select eclipsing binary systems with high signal to noise ratio and good light curves.
Classification
In this section we attempt to classify our eclipsing binaries based on the shape of their light curves. The broadly used taxonomy of eclipsing systems is based on the resemblance of light curves to certain protypes, which are catagorized in Algol-type (EA), β Lyrae-type (EB), and W UrsaeMajoris-type (EW), see e.g. General Catalog of Variable Stars (GCVS database Samus et al. 2009 ). However, this classification scheme does not fully reflect the physical configuration of a binary system. Alternatively, we classify our binary systems based on the scheme of detached (ED), semi-detached (ESD), and contact (EC), which reflect the Roche-lobe filling status of both components.
Following the procedure of Rucinski (1993) and Pojmanski (2002) , we classify our candidates with the Fourier decomposition method by fitting the phase-folded normalized light curves with a series of sine and cosine functions:
where f (φ) is the normalized flux at phase φ. It has been shown the different configurations of eclipsing binaries are separated on the a 2 -a 4 plane. Such approach has be used to classify eclipsing binaries in the Milky Way from the ASAS sample (Pojmanski 2002) and in the Magellanic Clouds from the MACHO sample (Derekas et al. 2007 ). Before extending this classification scheme to our sample, we verify this classification scheme using two well-studied binaries in M31 (Ribas et al. 2005; Vilardell et al. 2010) , where their configurations are well-known from joint analysis of photometric and spectroscopic analysis. The fourier decomposition method returns the correct configuration for these two extra-galactic binaries. We thus adopted the boundary values of a 2 and a 4 from Pojmanski (2002) and classify our candidats accordingly. The results can be seen in Fig. 3 . To have an idea of how robust the a 2 and a 4 parameters are determined from the light curves, we perform a bootstrapping test on each light curve for 100 iterations, and calculate the standard deviation within these 100 iterations. The standard deviation of a 2 and a 4 is then plotted as error-bar in Fig. 3 .
We note that there are fewer contact binaries (22) than detached (120) and semi-detached (158) systems, in contrary to the results of Milky Way sample from the All Sky Automated Survey (ASAS) in Paczyński et al. (2006) . This might be contributed by the combination of intrinsic faintness of the contact system and the remoteness of M31. The expected brightness of contact binaries in M31 can be derived using the period-luminosity relation from Rucinski (1996) :
with an 1-σ dispersion of 0.24. Assuming a period of 1 day, a (B-V) color of 0.0 (see Fig. 2 ), and given a distance modulus of 24.36 mag for M31 (Vilardell et al. 2010) , the period-luminosity relation predicts a observed magnitude of V=24.12 mag, which is not reached in the PAndromeda survey. Hence, our contact binary candidates are either more likely to reside in the foreground, or indeed belong to M31 but have longer periods. In addition, our search algorithm limits the duration of the eclipses to be 0.25 in orbital phase; while contact binaries have largely sinusoidal light curves and the eclipses can span more than half of the orbital phase, the highly distorted contact systems can be missed by our algorithm, hence the detection bias can affect the number of the contact systems as well.
The spatial distribution of our binary candidates are shwon in Fig. 4 . From the spatial distribution, there are some binaries locate outside the main disk of M31, which could be attributed to foreground stars in the Milky Way. Indeed, one of our bright detached system presented in section 5, i.e. 036-15741, falls outside the main disk of M31, and is too bright/red to fit into the M31 scenario, hence we attribute it to be a foreground Milky Way system. From the ASAS Milky Way sample, the detached systems are concentrated on the Galactic plane, suggesting that these are more massive and intrinsic brighter systems, while the contact systems are isotropically distributed (Paczyński et al. 2006 ). However, due to our limited sample of contact binaries and the highly inclined disk of M31, we could not distinguish the difference in spatial distribution of these two different systems. In addition, we would like to note that the eclipsing binaries detected in the survey will likely have rather bright and blue components (see e.g. Fig. 4 in Vilardell et al. 2006) and are expected to have young massive components, hence mostly distributed along the spiral arms. To verify this hypothesis, we cross-matched our eclipsing binaries with the photometry of Massey et al. (2006) to derive their colors and present their color-magnitude diagram in Fig. 2 , and find out that they indeed exhibit blue colors.
We also show the period distribution in Fig. 5 . The contact systems dominate the short period range, while the detached and semi-detached systems are peaked at logP > 1 day, in agreement with the results of Milky Way sample from ASAS. The only exception is a contact system with period larger than 10 days. We check the error budget of a 2 and a 4 estimated from bootstrapping, which indicates a solid contact classification on the a 2 -a 4 plane. We note that there are several apparently contact systems with period larger than 10 days reported by Rucinski & Maceroni (2001) . Such systems can be explained by a semi-detached scheme, where one of the component is filling its Roche lobe and the other component is small or with lower temperature, thus the light curve reflects only the ellipsoidal variations of the larger, Roche-filling component. The color of such systems is red compared to normal contact systems. We thus cross-match the position with the local group survey (Massey et al. 2006) , and found that the color of our long-period contact binary is indeed red, with (V-I) = 0.824, and belongs to the long-period semi-detached sheme as shown in Fig. 2 of Rucinski & Maceroni (2001) . 
Detached binaries suitable for distance determination
We cross-match our detached binaries with the catalog of Local Group Survey (Massey et al. 2006) , and among the 298 binaries in our sample we find 13 candidates brighter than 20.5 mag in V, for which we could obtain radial velocity information from 8-10 m class telescopes in a reasonable amount of time. We further fit their light curves with the Detached Eclipsing Binary Light curve fitter (DEBiL) developed by Devor (2005) . Provided with an eclipsing binary light curve and its period, DEBiL can determine the eccentricity (e), the radius of the primary and secondary component in units of semi-major axis (R 1 /a and R 2 /a), and the inclination angle (sini) of the binary system in a robust manner. The results of the best-fitted model are shown in Table 1 . Please note that the eccentricity is always fitted, but we only show the ones with errors smaller than the value of e. For the cases where the errors are larger than e, we consider the eccentricity as insignificant and show the best-fit value plus the error as an upper limit in Table 1 . Note that in such cases, it can be either that there is negligible eccentricity, or that the semi-major axis is aligned to our line-of-sight, hence the eccentricity effect on the light curve is compromised. DEBiL can only give symmetric errors, which are shown in Table 1 following the best-fitted values of each parameter. The light curves, as well as the best-fitted DEBiL models, are shown in Fig. 6 Among the 13 bright detached binary systems, we find two of them are too bright to fit into M31 scenario, hence could be foreground stars. To assess their origin as Milky Way foreground stars, we investigate the color magnitude diagram using B-V v.s. V, where the M31 blue super giants, the foreground dwarves and giants from Milky Way are clearly separated, as shown in Massey et al. (2006) . We find that the two brightest systems, 034-19151 and 036-15741 exhibit relatively red color and fit into the Milky Way foreground dwarf scenario, while the remaining 11 systems are bluer and better fit into the M31 blue giants scenario, as shown in Fig. 7 . Table 1 , see also text. (Massey et al. 2006) . Different M31 and Milky Way populations are clearly separated, e.g. blue super giants (BSG) and red super giants (RSG) in M31, foreground dwarves (FD) and foreground giants (FG) from Milky Way. The two brightest detached binaries (marked in pink rhombi) from our sample exhibit relative red color, fit into the foreground dwarf scenario, while the remaining 11 systems (marked in blue dots) are bluer, and better fit into the M31 blue giants scenario.
Summary
We have established a customized pipeline that generates difference imaging light-curves for the PS1 M31 data. Possible variable candidates are selected with a simple χ 2 criterion. We apply a modified box-fitting algorithm to determine their period and identify eclipsing binary candidates. These candidates are further classified into categories of detached, semi-detached, and contact systems with Fourier decomposition, which is carried out for M31 binaries for the first time. The period distribution shows detached and semi-detached systems are longer, peaked at > 10 days, while the contact systems have rather short periods. The only exception is a contact system with period larger than 10 days. Such a system can be explained by a semi-detached configuration, where one of the component is Roche-lobe filling, while the other component is considerablly smaller or cooler. The red color of this systems indeed points towards the semi-detached scheme.
Following the classification, we cross-match our detached binaries with the Local Group Galaxy Survey, and select 13 systems brighter than 20.5 mag in V, rendering its spectroscopic follow-up with 8-10m class ground-based telescopes feasible. We note that the distance to M31 has been determined to ∼4% accuracy using two binary systems (Vilardell et al. 2010 ). However, these two binaries are semi-detached, which complicate the light curve analysis with distortions and reflection effects due to proximity of the components. In our detached binary sample, there are several systems exhibit eccentric orbits, where the components can be considered well separated, and reduce the complexity of light curve modelling.
